Objective: The objective of this work was to characterize the magnetic field (B-field) that arises in a human brain model from the application of transcranial static magnetic field stimulation (tSMS).
INTRODUCTION
There is accumulating evidence that transcranial stimulation with sufficiently strong and sustained static magnetic field results in alterations of brain function. In humans, neuromodulatory effects have been reported after transcranial static magnetic field stimulation (tSMS) of primary motor (1-3), supplementary motor (3), visual (4, 5) , sensorimotor (6) , and primary somatosensory (7) cortices. As well, effects of a static magnetic field on the state of neural tissue have been demonstrated in rat brain slices (8) , in vitro preparations of rat GH3 cells (9) , rat in vivo (10), mouse pyramidal neurons (11) , Guinea pig spinal cord (12) , Drosophila motor neuron (13) , and rat trigeminal root ganglion (14) . These effects, combined with the exceptional simplicity of tSMS hardware, confer potential for therapeutic applications in psychiatry and neurology (15, 16) . 1 The mechanism for the effects of static magnetic fields on neural tissue remains unknown, although various possibilities have been discussed, including deformation of ion channels due to reorientation of diamagnetic anisotropic plasma membrane phospholipids (19) , coupling of mechanically-activated ion channels to ferromagnetic particles (20) , and activation of voltage-gated channels by the Hall effect (21, 22) . Nevertheless, both theoretical considerations and experimental results indicate that the magnetic dose (i.e., the characteristics of the magnetic flux density, or B-field) has a significant impact on response (1, 10) .
In order to provide proper B-field dosimetry for experimental studies, match dosing across experimental systems, and enable investigations of tSMS mechanisms, it is necessary to know the three-dimensional (3D) spatial characteristics of the B-field generated by tSMS magnets. At present, there is only basic characterization of the tSMS B-field, comprising magnitude measurements at several points in space (3, 23) . It is important to extend these data to provide a high-resolution B-field distribution at the spatial scales commensurate with the size of neurons and neuron populations, and inclusive of various distances and locations of experimental systems relative to the magnet. Furthermore, while the effects of magnetic susceptibility of biological tissues are expected to be small, their influence on the B-field strength and gradient has not been quantified.
Computational models of the 3D electric field distribution induced by the time-varying magnetic field of conventional transcranial magnetic stimulation (TMS) are recognized as an important dosing and analysis tool (24) (25) (26) (27) . Unlike conventional TMS, which is understood to act via its electric field, tSMS appears to act via its static magnetic field. Therefore, it is compelling to apply computational modeling to determine the full 3D distribution of the tSMS magnetic field, analogously to the electric field in TMS. This requires development of appropriate models of the tSMS permanent magnet (as opposed to TMS electromagnetic coil) and human head with magnetic (vs. electric) properties of the various tissues.
Addressing this need, in this paper, we present 3D simulations of the B-field of a magnet commonly used in tSMS, including field distributions in air and in a computational model of the human head for several magnet placements, as well as quantification of the effect of head tissue magnetic susceptibility.
METHODS

Magnet Description
We characterized a permanent magnet typically used for tSMS (1) (2) (3) (4) 6, 28, 29) . The magnet is made of grade N52 NdFeB alloy and is cylindrical with diameter of 2 00 (5.08 cm) and height of 1 00 (2.54 cm) (Model # ND076-N52, Applied Magnets, Plano, TX, USA; see Fig. 1 ).
B-Field Measurement
The actual B-field strength at several distances along the central axis of the magnet was measured with a Tesla-meter (Model 5080, F. W. Bell, Milwaukie, OR, USA) positioned using a micrometer. The measurement error of the micrometer was estimated to be 6 0.125 mm and the measurement error of the B-field was obtained from the Tesla-meter manual, as plotted in Fig. 3b . These measurements were used to calibrate the computational B-field model by scaling the remanent magnetization to match that of the physical magnet, as described below.
Magnet Model
All simulations were conducted in COMSOL v5.2a (COMSOL, Inc., Burlington, MA, USA), using the "Magnetic Fields, No Currents" module and the conjugate gradient iterative solver with relative tolerance of 0.001. This module was chosen since the tSMS magnetic field is static with respect to the subject's head, and therefore no electric currents are induced. In simulations without the head, the magnet was surrounded by an air sphere with diameter 40 cm, centered on the magnet. In simulations with the head, the head and magnet were surrounded by an air sphere with diameter 40 cm, centered on the head. In both cases, the surface of the sphere was defined as a magnetic insulation boundary condition, corresponding to the B-field being tangential to the boundary surface. A diameter of 40 cm was chosen since this provided > 8 cm from the magnet surface to the bounding sphere and our physical measurements showed that the B-field is very small at this distance (Fig. 3) . The model was defined as follows B5l 0 l r H ð ÞH1B r ; for the magnet; and B5l 0 l r H; for all other materials where B is the magnetic flux density, H is the magnetic field strength, B r is the remanent magnetic flux density of the magnet, l 0 is the magnetic permeability of free space, and l r is the relative magnetic permeability of each material, which is equal to 11v V where v V is the magnetic susceptibility of the material. The relative permeability of the magnet was defined as (28) l r H ð Þ5 A finite element model of the tSMS magnet was implemented to include 1) a nonlinear magnetic B-H curve reflecting the properties of the N52 NdFeB compound as measured by the supplier (VAC Magnetics LLC, Elizabethtown, KY, USA), 2) accurate geometry reflecting the actual magnet cylindrical shape, dimensions, and beveled edges, and 3) high-density finite element mesh, with approximately 370,000 and 7000 tetrahedral elements respectively in the models of the stand-alone magnet and its combination with the head (this reduction of the magnet model resolution resulted in a mean error of only 1.1 3 10 24 T). The magnet model in simulations without the head was constructed within COMSOL, while the magnet model used in simulations with the head was created in Simpleware. The remanent flux density B r of the magnet material was set to have direction corresponding to the magnetization along the magnet central axis (z 0 ) and magnitude of 1.29 T according to the supplier-provided B-H curve ( Fig. 1) adjusted to match the measurements. Parameter l r? was set to a constant of 1.17 (28) and l rjj H z 0 ð Þ was obtained by taking the derivative DB=DH of the B-H curve (Fig. 1 ).
Human Head Model
An anatomically accurate head model derived from MRI data ( Fig. 2a,b ) was used to characterize the B-field generated by tSMS in the human brain. The model's generation and structure were reported previously (26) . Briefly, the model was constructed from T1-weighted MRI (1 mm 3 1 mm 3 1 mm resolution) of a healthy 34-year-old male human subject. The magnet model described above was positioned relative to the head model in Simpleware, and the combined head-and-magnet model was imported into COMSOL from Simpleware as a mesh. The head model mesh had 6 million tetrahedral elements. The magnetic susceptibility values used for the various compartments in the head model are summarized in Table 1 . Susceptibility of scalp was assumed to be equal to that of fat, due to unavailability of measurements for skin. Since a static magnetic field is simulated, the electric properties of head tissues (conductivity and permittivity) are irrelevant.
B-Field Characterization
First, the magnet was simulated surrounded by air in COMSOL, without the head model present. Second, the magnet was placed over various targets in the left hemisphere of the head model, including the dorsolateral prefrontal cortex (DLPFC), hand knob of the primary motor cortex (M1), sensorimotor cortex (SMC), and occipital cortex. The magnet position was selected for the DLPFC, M1, and occipital cortex with reference to an atlas (31) . The magnet position for SMC was selected with reference to the standard EEG electrode placement system (3). All targets were simulated for two distances of the magnet surface from the underlying scalp-0 mm and 5 mm-the latter representing the case when hair or hardware are interposed between the magnet and the scalp.
The spatial distribution of the B-field magnitude and gradient were reported, since they may both contribute to effects on neural tissue. The magnitude of the B-field gradient was computed in COM-SOL, by taking the Frobenius norm of the B-field Jacobian matrix. For each anatomical target and magnet position, minimum and maximum B-field in the brain model as well as maximum B-field gradient magnitude were obtained from the built-in COMSOL postprocessing toolbox, which finds extrema over the entirety of a defined volume. Analogous to characterization of the electric field focality in TMS (25, 27, 32) , the B-field focality in tSMS was characterized by the volume of the brain model with B-field above half the maximum value in the brain model. Similarly, the focality of the B-field gradient was characterized by the volume of the brain model with B-field gradient above half the maximum value of the gradient in the brain model. All focality metrics were computed in COMSOL by integrating over the sub-volume of the brain model where the B-field magnitude (or B-field gradient magnitude) was greater than half of its peak value. Magnet-to-cortex distance was defined as the distance between the location of the peak B-field in the grey matter and the nearest point on the magnet, and was computed in COMSOL.
To determine the influence of the magnetic susceptibility of biological tissues, the simulation results from models with the magnet flush with the scalp were compared between the cases when appropriate susceptibility values were assigned to the head model compartments vs. assigning all compartments to the susceptibility of air.
Data analysis was conducted in MATLAB (The Mathworks, Natick, MA, USA). For comparisons between the models with and without tissue susceptibility, data points were selected automatically according to the geometry of the model, so grid size varied; minimum point spacing ranged from 0.13-0.58 mm depending on direction. Regression lines were computed with the Statistics Toolbox, using ordinary least squares.
RESULTS
B-Field Characteristics in Air
Along the central axis of the magnet, B-field magnitudes decreased exponentially with distance (Fig. 3a,b) with a peak magnitude of 443 mT, dropping to 159 mT at a distance of 2 cm from the base of the magnet. The B-field values from the calibrated simulation were in agreement with the corresponding measured values, with a mean relative error of 1.28% (Fig. 3b) . The highest spatial gradient in the magnetic field, up to 1.12 3 10 6 T/m, was observed near the edges of the magnet (Fig. 3c) .
B-Field Characteristics in Human Head Model
The B-field generated in the head model for several magnet positions is shown in Fig. 4 and characterized in Fig. 5 . Full 3D distributions of the B-field magnitude and gradient are available in Supporting Information Videos S1-S4 and S5-S8, respectively. The B-field in the brain model ranged from 0.778 to 245 mT for the 0 mm scalp magnet spacing, and 0.688 to 180 mT for the 5 mm magnet displacement. As expected, the distance between the magnet and the cortical target largely determined the peak B-field strength in the cortex (R 2 5 0.99, p 5 1.14 3 10
26
; Fig. 6a ). This relationship was nearly linear since the range of distances was narrow (1-2 cm) and corresponded to an approximately linear section of the curve in Fig. 3b . Placing the magnet 5 mm from the scalp decreased the peak B-field strength at the target by 25.0% on average.
Magnet placement had significant effects on focality as well (Fig. 5b) . For 5 mm compared to 0 mm displacement, the halfmaximum volume of the B-field magnitude increased by 7.5% on average, indicating reduction of focality. The B-field was most focal for placement over SMC and least focal for placement over the occipital cortex, with a difference of 40-52%. Since the dependence of focality on the specific cortical target was different from the dependence of the peak B-field magnitude, it appears that the local cortical geometry affected these two metrics differently.
The peak spatial gradient of the B-field ranged from 13.3 T/m to 19.0 T/m for the 0 mm scalp magnet spacing (Fig. 5c) . For all targets, the peak spatial gradient of the B-field was higher for magnet placements flush with the scalp, with an average decrease of 28.8% for placement 5 mm away from the scalp. As with the magnitude of the B-field, the distance between the magnet and the cortical target largely determined peak gradient in the cortex (R 2 5 0.99, p 5 8.8 3 10
27
; Fig. 6b ). The focality of the B-field spatial gradient (Fig. 5d ) varied with magnet placement with a dependence similar to that of the B-field magnitude focality. 
Effect of Head Magnetic Susceptibility
The magnetic susceptibility of head tissues had a negligible effect on the B-field magnitude or gradient. As summarized in Table 2 , all differences were well below 1%. The maximum absolute differences occurred between 0 and 2.5 cm from the respective sites of peak B-field magnitude or gradient.
DISCUSSION
Our characterization of the tSMS B-field was consistent with and extended previous measurements (3, 23) by providing a complete 3D distribution of the field magnitude and gradient in air and in a computational model of the human head and brain. At distances up to approximately 4.7 cm from the base of the magnet, the B-field was > 40 mT, which is believed to be sufficient for physiological effects (33) .
The focality of the tSMS B-field was characterized by a halfmaximum volume in the 7-12 cm 3 range. In comparison, the halfmaximum volume of the electric field induced by figure-8 TMS coils with 60-70 mm loop diameter, conventionally used in humans, is estimated to be 17-21 cm 3 and 80 cm 3 in spherical (27) and anatomically-realistic (32) head models, respectively. Thus, the B-field generated by tSMS in humans with the magnet we modeled is more focal than the E-field induced in conventional TMS.
The choice of anatomical target and the distance from the magnet to the scalp both had a significant effect on the B-field strength and focality, driven largely by the magnet-to-cortex distance. This has several implications: First, for maximum efficiency of stimulation, the distance from the magnet to the scalp should be minimized. Second, when tSMS is applied over various brain targets, the magnet-to-cortex distance should be considered. Third, since both magnet-to-scalp and scalp-to-cortex distances may vary across individuals due to presence of hair and differences in head size and anatomy, the magnet-to-cortex distance may need to be adjusted to compensate for this individual variability and deliver fixed B-field strength at the brain target. Note that this is less straightforward than in conventional TMS, which utilizes electronic control of the pulse intensity and has available a simple motor readout of brain activation. In contrast, tSMS B-field strength control with a permanent magnet may involve mechanically adjustable positioning of the magnet relative to the head, and may have to rely on measures of scalp-to-cortex distance obtained from imaging. Our simulations revealed significant edge effects in the spatial gradient of the B-field. Close to the magnet, the peak spatial gradient was highest at the corners of the magnet, but at greater distances, the location of the peak spatial gradient was shifted inward, such that in the cortex, peak spatial gradient is directly below the center of the magnet. This is of particular importance to studies where neural tissue is very close to the magnet, such as in our previously reported in vitro brain slice studies (8) . A high spatial gradient may be important for two reasons. First, it increases the sensitivity of the B-field exposure to the exact placement of the magnet relative to the target. Second, the gradient may contribute to the biological effects of the B-field.
As the magnetic susceptibility of tissues had a negligible impact on the B-field characteristics, our results provide quantitative justification for the assumption that measurements of B-fields taken in air do not need to be adjusted for in-vivo applications (29) . Also for this reason, uncertainties in the tissue susceptibility estimates or the inclusion of more tissues is unlikely to change significantly our results. For example, even though hemoglobin contains iron, this ionic iron is not in the ferromagnetic grid order and electron configuration; consequently, the magnetic susceptibility of arterial and venous blood is only-9 ppm and-8 ppm, respectively (34). These are on the same order of magnitude as the magnetic susceptibilities of the tissues we modeled (Table 1) . Since the head tissues do not affect significantly the B-field, the effect of geometric uncertainties such as in the magnet placement can be easily estimated from the data we provide, by considering the B-field magnitude or gradient change for a given change in distance. Finally, we simulated only one magnet geometry and size, typical for tSMS, but the presented simulation methods can be applied to any magnet configuration.
CONCLUSION
The presented 3D distribution of the B-field magnitude and spatial gradient provides dosimetric information for a typical tSMS magnet. The same methods can be used to characterize other magnet types. A high-resolution map of the B-field is important for proper analysis of experimental data, study of mechanisms, and matching of the dose across species and experimental preparations. Potentially physiologically relevant B-field magnitudes extend several centimeters into the brain. The B-field focality was higher than that of the induced electric field of conventional figure-8 TMS coils. The most significant contributor to variation in B-field strength and focality was distance to the cortex, which is determined by the magnet placement and individual anatomy. The magnetic field gradient varied with distance and position relative to the magnet as well, and was strongest around the magnet edges, which may be important for experimental preparations that are placed very close to the magnet. Finally, we confirmed that the magnetic susceptibility of tissues has negligible effects on the B-field characteristics. to earlier versions of this report, Dr. Roland Zoller from VAC Magnetics for providing magnetic characterization of the N52 material, and Dr. Elizabeth Bucholz and Dr. Chunlei Liu for information on tissue susceptibility. Some preliminary results of this study were How to Cite this Article:
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COMMENT
The use of computational modeling for analysis of electromagnetic field distribution in the human body is increasingly expanding and has been proven to be a helpful tool in the design, development, and evaluation of medical devices, in addition to bench testing, animal testing and clinical trials. Computational modeling has been used extensively in the literature to characterize the electric field induced in the brain by a time-varying magnetic field generated by TMS. Conversely, the novelty of this manuscript consists of providing a characterization of the static magnetic field arising from tSMS. The study was based on the use of a human head model with magnetic (rather than electric) properties of the various tissues.
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